• Two-photon microscopy was used to examine the role of slit2 in micro TBI (traumatic brain injury).
Introduction
Traumatic brain injury (TBI) is the leading cause of mortality and disability among male adolescents and young adults; and it constitutes a major health and socioeconomic problem throughout the world [1] . Micro traumatic brain injury is the most common type of traumatic brain injury [2] . Micro TBI happens at fighting, traffic accidents, construction, industrial and natural disasters. Unfortunately, it is often overlooked because of lack of immediate severe impact. As a result, the mechanisms underlying micro TBI are poorly understood and no single-agent treatment has been successfully used in clinical setting [3] . Therefore, there is a need to study micro TBI and its mechanism.
Slit2 was originally identified in Drosophila as an extracellular cue that guides axon path finding [4] . Structurally, slits contain leucine-rich repeat regions, EGF-like repeats, a laminin-G-like domain and a C-terminal cystine-knot. Slits belong to slit protein family which includes slit1, slit2 and slit3. Slits are the Roundabout genes encoding the trans membrane receptors [5, 6] . The slits are involved in many physiological and pathological processes such as axon guidance at the midlinecentral nervous system,tumor apo- ptosis and the regulation of an giogenesis and ischemic injury [7, 8] . Interestingly, slit2 is an important regulator of leukocyte trafficking and inflammation and can inhibit leukocyte migration [9] . It was recently reported that Slit2 is associated with adult neuronal function including a variety of pathophysiological processes [10] . In addition, slit2 has been shown to influence the vascular formation in brain and alter the structure of BBB [11, 12] .
Given that the blood-brain barrier damage plays an important role in brain trauma, studying the role of slit2 in micro TBI may provide new insights into the pathophysiology of micro TBI. In the present study, we examined the role of Slit2 in the pathogenesis of micro TBI in a closed-skull brain injury model in slit2 transgenic mice.
Materials and methods

Experimental animals
C57BL/6J mice (C57 mice) were purchased form model animal research center of Nanjing university. The slit2 over expression mice (Slit2-Tgmice) were generated by the Institute of Biochemistry and Cell Biology, Shanghai, China. All the experimental protocols were performed according to the guidelines of Sun Yatsen University home office and were approved by the Animal Ethics Committee of Sun Yat-sen University.
Antibody and reagents
Rhodamine B (Sigma,USA), PropidiumIodide (PI,Thermofisher), Fluorescein-dextran (Sigma, USA).
Micro TBI preparation
Mice were anesthetized with 4.2% chloral hydrate. Body temperature was maintained at 37 ± 0.5 • C by using a regulated heating pad. After the animal was placed on the heating pad, skull bone was exposed using sterile scissors. The skull was gently drilled and the surface was kept wet with artificial cerebro spinal fluid. The thickness of drilled skull was carefully monitored to prevent brain damage caused by vibration. The operation was stopped when the skull becomes soft, and the surface of the brain blood vessels clearly visible. A cranial window of 2.0 × 2.0-mm size was thinned on the left somato sensory cortex. Then, the mice was placed in a stereotaxic apparatus as previously described [13] with some modification. A surgical instrument was used to gently press the pliable skull bone downward 0.5 mm for 1 min under stereotactic guidance to promote a constant concavity in the bone. This process was to induce compression injury and resulted in the skull bone collapsing inward towards the surface of the brain and without breaking. After that,the mice was placed in the cage for about 24 h.
4 In vivo two-photon imaging
For in vivo two-photon imaging, the mouse was fixed with acustom-fabricated metal frame that held the head with acyanoacrylate and dental cement. After that, the mouse was fixed on the stage of a Leica DM6000 CFS (Leica, Germany). Data acquisition and laser scanning were controlled using Leica LAS AF 2.5 software. For imaging vessel network and counting dead cells, a LeicaNA 0.95, 25 × water-immersion objective was used Fig. 1 .
The assessment of the permeability of the BBB
The mouse chosen for the assessment of BBB integrity was deeply anesthetized. The integrity of the blood-brain barrier (BBB) was examined after TBI as previously described [14] . The blood serum was labeled by intravenously injecting 0.2 ml of 2% (wt/vol) solution of Rhodamine B (Sigma, USA) in saline for visualization of the vessels and disruption of BBB, indicated by dye leakage. The blood vessels in the brain were illuminated with a mode locked Ti:sapphire laser unit set at 860 nm, using a 0.95 NA, 25 × water-immersion objective lens. A stack of 10 images, spanning 100-300 mm below the cortical surface, was acquired during a 60 min period.
Propidium iodide staining
Low molecular weight compounds are able to pass through intact thinned skull into the meninges and parenchyma to reliably label dead cells by transcranial application of PropidiumIodide (PI,Thermofisher) [13] . Therefore, we visualized cell death to evaluate the evolution of injury in the compression site by incubating the thinned skull with PI (1 mg/ml) in artificial cerebrospinal fluid (aCSF) for 30 min followed by a wash with aCSF. Then the blood serum was labeled by intravenously injecting 0.2 ml of 2-MD, a fluorescein-dextran (Sigma, USA) in saline. This was followed by imaging with two-photon microscopy, using a 0.95 NA, 25× magnification water-immersion objective. Stacks of images were acquired using a step size of 2.0 m to a depth of 200 m. Cells labeled by PI exhibiting red fluorescence were dead cells. The total number of PI-positive cells in the focal lesion was calculated in three randomly-selected images. The number of PI-positive cells was calculated using the Image J software.
Cell death volume calculation
Cell death was detected by PI staining and the volume of cell death was calculated according to published literatures [15, 16] . PI was incubated by transcranial application to the compression site for 30 min before fixation. After fixation, brain was sliced into 50 m thick section. Lesion site with PI staining was imaged with confocal microscopy. Images were captured using a Leica SP5 confocal microscope equippedwith a 25× objective. Images were collected using sequential scanning with the 405-, 488-, and 561-nm lasers to produce combined overlays. Total cell death volume was the sum of PI staining volume.
Statistical analysis
An unpaired t-test was used to examine differences between groups, which were performed with Prism5.0 software (GraphPad). A P-value less than 0.01 was accepted as statistically significant.
Results
The permeability of BBB increased in Slit2-Tg mice post-microTBI
The integrity of BBB was examined before and after micro TBI. There was more leak of the 70-kDa dye in Slit2-Tg mice compared with C57 mice in the normal state. But after micro TBI,the leakage of Rhodamine B was significantly increased in Slit2-Tg mice than in C57 mice after micro TBI (Fig. 2 ). This implies that over expression of Slit2 increases BBB disruption at the early stage of TBI. More of the Rhodamine B dye leaked in Slit2-Tg mice compared with C57 mice, lead to more serious the destruction of the blood brain barrier in Slit2 TBI group (Fig. 2) . Fig. 1 . The establishment of micro TBI mice model. Mice were deeply anesthetized with 4.2% chloral hydrate,then the skull was drilled until the skull bone worn thin l. A surgical instrument was used to gently press the pliable skull bone downward 0.5 mm for 1 min under stereotactic guidance to promote a constant concavity in the bone. Finally, the mice were placed back in the cage for about 24 h. A and B Over expression of Slit2 increases cells death during the acute stage of micro TBI. PI was used to detect the cell death in C57,Slit2-Tg control groupand C57,Slit2-Tg TBI group. Vessels were labeled by fluorescent dextran in green and dead cells were labeled by PI in red. Quantification of cell death (mean ± standard deviation) in the parenchyma after compression injury. Scale bar, 100 m. There were significantly more dead cells in Slit2-Tg TBI group compared with C57 TBI group. (n = 6 per group, P < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
Overexpression of Slit2 increases cells death during the acute stage of micro TBI
In order to evaluate injury after micro TBI, PI staining was used to evaluate cell death after brain injury. We examined dead cells labeled with PI and the vessels labeled with fluorescent dextran, using two-photon microscopy at 6 h after brain injury. As shown in Fig. 3A , vessels were labeled by fluorescent dextran in green and dead cells were labeled by PI in red. There were very few dead cells in the cortex in normal control groups. In contrast, TBI induced massive cell death in both Slit2 TBI group and C57 TBI group. However, the number of dead cells was significantly higher in Slit2 TBI group than in C57 TBI group (**P < 0.01) (Fig. 3B ). This result indicates that over expression of slit2 increases brain cell death induced by TBI during the early stage of microTBI.
Over expression of Slit2 exacerbates volume of cell death
The volume of cell death was evaluated based on cell death by PI staining 24 h post-TBI. There was almost no dead cell in C57 and Slit2 mice before TBI. However, dead cells and cell loss were evident within the injury site in both Slit2 and C57 groups 24 h after TBI. Lesion volume was calculated by PI staining, following the method of lesion volume calculation by TTC (triphenyltetrazolium chloride) dyeing as previously described [15, 16] . Briefly, brain was fixed and sliced into 50 m thick sections. Lesion site with PI staining was imaged with confocal microscopy. Total infarction volume was the sum of PI staining volumes. (Fig. 4A) . The statistical results showed that the Volume of cell death was significantly larger in Slit2 than C57 group 24 h after TBI (**P < 0.01) (Fig. 4B ).
Discussion
TBI are the leading cause of traumatic injury and a big burden to the society. It has been reported that mild TBI accounts for most of TBI. Patients with mild TBI have a range of cognitive, physical, and psychological symptoms, indicating that mildTBI may lead to substantial negative consequences. More importantly, increasing evidence suggests that mild TBI in early life may increase the risk of cognitive decline in later life [17] . One of the important pathophysiological alternations in TBI is the disruption of BBB. BBB disruption is not only an early consequence but also a long-lasting event of mild TBI. The alteration of the BBB in turn causes the accumulation of vasculotoxic and neurotoxic molecules within brain parenchyma [18] . As a result, these vascular-derived insults may further contribute to cell death.
The guidance cue Slit2 has been reported to regulate a number of physiological processes, mostly in the central nervous system, by controlling cell migration and promotingangio genesis in a manner similar to VEGF [19] . Moreover, Slit2 can promote the permeability of brain blood vessels to large molecules. These blood vessels were sensitive to cues that can induce brain hemorrhage. At the cellular level, Slit2 disturbed the integrity of blood vessel, the endothelial cell tight junctions and improved the permeability of the endothelial cell layer, thus promoting the entry of large molecules from the serum into the central nervous system. In this study, we found that BBB was damaged in the slit2 over expression mice at the acute stage of micro TBI. In addition, we observed that cell death was accelerated in the slit2 over expression mice in micro TBI, revealed that damage of the blood-brain barrier plays an important role in brain trauma. The slit2-Tg mice helps us better understand the role of blood-brain barrier in micro TBI. It has been reported that Slit2 could promote the permeability of blood vessels in brain and antibody staining such as VEGF, CD31 and CD34 could be used to show the disruption of BBB [12] . In the current study,the integrity of BBB is shown by staining using Rhodamine B. Further study is needed to have a better understanding of what exactly happened in the BBB after the injury in Slit2-Tg mice.
In the present study, micro TBI significantly damaged BBB in the acute phase which is consistent with a previous report [19] . BBB mainly consists of capillary endothelial cells, a basement membrane surrounding the capillary and astrocytes. The tight junction between vessel endothelial cells is critical to the permeability of the BBB. There are conflicting reports on the role of slit2 on endothelial permeability. On one hand, it has been reported that Slit2 inhibits endothelial permeability whereas inhibition of slit2 or robo4 decreases vascular permeability [20] . On the other hand, we and others have demonstrated that Slit2 disturbs the tight junctions of endothelial cell and increases the endothelial permeability [12] . Consistent with our previous observations, we found that the disruption of BBB was much more severe in slit2-Tg mice compared to controls, indicating the detrimental role of slit2 in TBI-induced disruption of BBB. It is not clear how slit2 contributes to the alteration of BBB in mild TBI. Previously, several mechanisms have been proposed to explain the action of slit2 on tight junctions. Those proposed mechanisms including the interaction with its receptor robo1 and modulation on activity of GTP enzymes [21, 22] may be linked to the enhancement of Slit2 to TBI induced disruption of BBB.
The leakage of neuro toxic molecules into brain parenchyma is one of the major causes of cell death in TBI [18] . Glutamate is an important molecule for brain functions. However, excessive glutamate is highly toxic to the neuronal cells. Interestingly, the permeability of BBB to glutamate is increased in slit2-Tg mice [11] . Thus, the leakage of glutamate into the brain tissue through BBB may be the cause of increasing cell death in slit2-Tg mice.
In summary, the leakage of BBB and cell death were significantly increased in Slit2-Tg mice than in C57 control mice after micro TBI. Our results suggest that over expression of slit2 plays a detrimental role in the pathophysiology of mild TBI and slits may be a potential molecular target for treatment of mild TBI.
